To date, the design of unstiffened steel shear walls has three issues that make them expensive to employ: 1) large columns resulting from the shear wall applying lateral loads to the columns; 2) expensive field-welded moment connections; 3) buckling of the steel plate under service earthquakes and winds. A new, innovative system, called the high-performance steel shear wall system, is developed and proposed by the authors to solve these problems. In this system: 1) the steel plate shear wall is not connected to the columns, therefore, the columns do not experience large lateral forces; 2) the beam-to-column connections consist of an innovative and cost-effective connection developed by the authors, referred to as a gusset plate moment connection; 3) the thickness of the plate is independent of the column size, enabling the use of thicker plates to prevent buckling of the steel plate under service loads.
Introduction
Steel plate shear walls are among the steel lateral force-resisting systems currently included in seismic design codes such as the AISC Seismic Provisions (AISC, 2010) . Typical steel shear walls consist of a steel plate acting as the main shear-resisting element that is welded to the boundary columns and beams. Moment connections join the boundary beams and columns to each other, which creates a boundary moment frame. The steel plate is responsible for resisting the bulk of the story shear, while the boundary moment frame carries some shear and resists the majority of the overturning moment. The entire system resists the combination of vertical gravity loads, shear, and overturning moment due to lateral forces of earthquakes and wind. This is analogous to a vertical cantilever plate girder fixed to the foundation that extends upwards, with the steel shear wall behaving similarly to the web of the plate girder, the two boundary columns acting as flanges, and the boundary floor beams acting as the web stiffeners to delay buckling of the steel web plate (Astaneh-Asl, 2002) .
Currently, there are two types of steel shear walls commonly in use as lateral force-resisting system in buildings: stiffened and unstiffened. In stiffened steel shear walls, steel infill plates have vertical and horizontal stiffeners welded to them on each side; see Figure 1 (a). The main role of the stiffeners is to delay diagonal buckling of the relatively thin steel plate before it reaches shear yield capacity. In some applications, like the Jinta Building in China, which at 73 stories is currently the tallest building in the world designed using steel shear walls, the stiffeners are used to prevent buckling of the steel plate under service earthquakes. 
In stiffened steel shear walls, the columns are subjected primarily to axial load due to gravity loads combined with overturning moments (as a result of lateral forces from earthquakes or wind loads). In the stiffened shear wall system, the steel plates do not apply large lateral forces to the boundary columns; as a result, the columns usually experience relatively small bending moments. Even though incorporating stiffeners results in higher shear strength and stiffness as well as increased ductility and energy-dissipation capacity of the system, the addition of the stiffeners is a relatively labour-intensive fabrication process and requires additional material, adding to both the cost and duration of construction. In addition, because of the presence of stiffeners, the stiffened steel shear walls have a wider footprint than the shear walls without stiffeners, thus requiring more floor area.
2 Issues with the current steel plate shear walls that can be improved
As shown in Figure 1 (b), unstiffened steel shear walls commonly used in North America are designed to resist earthquake and/or wind loads. Under loading, the steel plate buckles diagonally and develops post-buckling diagonal tension field action; see Figure 1 (c). Due to the development of tension field action, relatively large lateral forces are applied to the boundary column by the steel-plate shear wall. Such lateral forces create relatively large bending moments and additional axial forces in the boundary columns; to resist such forces requires that they be relatively large, heavy, and expensive to fabricate. Figure 1 (c) also shows bending of the column under large lateral forces due to tension field action. Such massive columns require allocating usable floor area, making the system even more uneconomical.
Figure 2
Areas of the current steel plate shear wall system that causes it to be costly (see online version for colours) (10) Often, steel plate buckles under 'service' loads.
(7) Corner brackets are needed to prevent fracture at the corners.
(6) Design of column depends on design of the steel shear wall.
(8) Strong-column, weak-beam design needs to be satisfied.
(9) Wall thickness cannot be increased to satisfy drift limitations.
(2) Expensive CJP, field-welded beam-to-column moment connections are used.
(1) Large lateral forces act on the columns.
(3) Doubler plates are often required for panel zone.
(4) Continuity plates are required.
(5) Vertical welds connecting shear wall to the columns.
Boundary Column Fin Plate Boundary Beam
In addition to imposing relatively large lateral forces on the boundary columns, the unstiffened steel shear wall has other issues with its design, construction, inspection, and performance under service and ultimate loads that prevent the widespread use of this potentially versatile lateral force-resisting system. The main disadvantages for using unstiffened steel plate shear walls, currently designed following the AISC Seismic Provisions (AISC, 2010), are given below and shown in Figure 2 .
6 As mentioned above, the steel infill plate exerts considerable lateral forces on the column. These forces are equal to the expected tensile yield capacity of the wall acting under a ~45-degree angle. The thicker the wall, the heavier the column since thicker walls will exert larger lateral forces on the boundary columns. This limits the required thickness of the steel plate, which is based on shear strength and stiffness requirements of the wall. For example, if after selection of wall thickness based on the shear strength requirement, the drift limitations cannot be satisfied, the thickness of the wall cannot be increased without a heavy penalty on the cost of the columns: the increase in the thickness of the wall plate would increase the lateral forces of the column, requiring further heavier and larger columns.
7 Past cyclic tests of the unstiffened steel shear walls (Timler and Kulak, 1983) have shown that during cyclic testing of the currently used unstiffened steel shear walls, the corners of the wall plate fractured because of the relatively large cyclic strain concentrations at the corners where there is a gap between the horizontal and vertical fin plates. Researchers have recommended adding welded strap plates to fill the gap between the horizontal and vertical fin plates (Tromposch and Kulak, 1987) , providing corner cut-outs (Schumacher et al., 1999) , or incorporating special corner brackets and connecting horizontal and vertical fin plates away from the corner (Choi and Park, 2008) . All these methods will inevitably add to the cost of fabrication.
8 The codes require that the strong-column-weak-beam design philosophy needs to be satisfied for the current steel plate shear wall design. This can result in additional cost and waste of materials.
9 Quite often the drift limitations for the system cannot be satisfied since the wall thickness cannot be increased without increasing the size of the column. To solve the problem, more moment connections are used in the frames outside the steel plate shear wall to increase the lateral stiffness of the system. These moment connections are expensive, leading to significantly higher construction costs.
10 North American design codes (CSA, 2011; AISC, 2010) have seismic provisions for the design of unstiffened steel plate shear walls for factored load conditions only. No explicit consideration is given to the performance of the system under 'service' seismic and wind loads. Tests of steel shear walls (Zhao and Astaneh-Asl, 2008; Timler and Kulak, 1983 ) and analysis of behaviour (Shi and Astaneh-Asl, 2008) show that unstiffened steel plate shear walls designed following the current seismic provisions (AISC, 2010) can buckle along their compression diagonal at a relatively small drift values, in the order of 0.005 to 0.01 radians. Based on this research result, it is quite likely that some steel plate shear walls designed according to current codes (AISC, 2010) will experience buckling under service level winds and seismic forces.
A new system, called 'High-Performance Steel Plate Shear Wall' (HPSPSW), has been developed by the authors at the University of California, Berkeley; see Figure 3 . As discussed below, this new system resolves all of the ten disadvantages of using current steel plate shear wall systems. The innovative HPSPSW system uses the new Gusset Plate Moment Connection (GPMC), also developed by the authors (Qian and Astaneh-Asl, 2016b) . The discussion below demonstrates how this innovative design removes current disadvantages for using steel shear wall systems, and presents a steel shear wall system that is cost effective and has better performance. This innovative high-performance system resists service level as well as ultimate level of lateral forces of earthquakes and winds by having sufficient strength, stiffness, ductility, and energy-dissipation capability. a Unstiffened steel plate shear wall: the unstiffened steel plate is designed to satisfy two levels of performance: 1 to resist the story shear primarily by the strength of the tension field action when under the ultimate factored load 2 to remain essentially elastic under the service wind and lateral seismic forces.
North American seismic design codes (AISC, 2010; CSA, 2011) only require that the steel plate be designed for the ultimate factored load; and no reference is made to the performance of the system under service loads. The two-level performance criteria is adapted from the current Chinese code (JGJ, 2015) . In the new system, the infill steel plates are welded only to the boundary beams and not to the boundary columns. Not connecting the steel infill plate to the column frees the columns from the lateral forces of the tension field action. This is the main innovation and a major advantage of the new system over the current steel plate shear wall system. b Vertical side stiffeners: as shown in Figure 4 , two vertical steel plates, T-sections, or another steel shape, are shop-welded to the vertical sides of the infill steel plate and are next to but not connected to the columns. These side stiffeners are located between floors and play three important roles:
1 to prevent lateral forces of the tension field action acting on the columns 2 to provide out-of-plane buckling restraint to the steel plate shear wall 3 to resist tension field action forces that are in the plane of the shear wall.
c Beam-to-column moment connections: the beam-to-column connections in the new HPSPSW system presented here are the new GPMC, also developed by the authors (Qian and Astaneh-Asl, 2016b ). Figure 5 shows typical welded and bolted versions of the new GPMC. The new connections utilise highly ductile gusset plates to provide the necessary bending strength, rotational stiffness, required plastic rotation, and sufficient energy dissipation capacity (Astaneh-Asl, 1998 , 2010 . Based on the extensive analytical studies performed over the past two years (Qian and AstanehAsl, 2016b) , the new connection has proven to be highly ductile, easy to fabricate, and cost effective. The proposed connection has a wide range of applications in steel and composite moment frames, and composite and steel shear walls (such as the new HPSPSW discussed herein), as well as in dual steel systems composed of special concentrically braced frames and moment frames (Astaneh-Asl et al., 2006) . It can be used for seismic as well as wind applications. The most important advantage over the field-welded moment connections used in the current steel plate shear wall is that the new connection does not incorporate CJP field-welds, which not only are relatively expensive to fabricate but require expensive field-inspection using ultrasonic testing equipment and expert operators.
d Boundary columns: the boundary columns on the side of the steel shear wall are not connected to the steel shear wall between the floor beams, thus preventing the steel plate from applying lateral force to the columns. The columns can be steel, composite [Figures 4(e) , 4(f) and 4(k)], or even reinforced concrete [Figure 4(l) ]; the role of the column in this system similar to the role of the columns in concentrically braced frames, i.e., its primary role is to carry axial loads.
e Boundary beams: in the new HPSPSW system, the boundary beams are fillet-welded to the infill steel plate shear wall. Welding can be done in the field or in the shop in the "modular" construction option of the new system. These welds are fillet welds, requiring only visual inspections and not ultrasonic testing. The beams in the new system do not need to be wide flange shape as is the case in the current system; they can be angles, channels, or even simple flanges as long as they are strong enough to carry the gravity loads and the minimal tension field forces from the wall. Source: Qian and Astaneh-Asl (2016b) The main advantages of the HPSPSW system, which has the new "gusset plate moment connections" are shown in Figure 6 and explained below:
1 Columns are separated by the steel plate shear walls. Therefore, the columns are not subjected to relatively large lateral forces due to tension field action of the wall.
7 The gusset plate connections provide corner reinforcement for the steel shear wall plate, preventing localised fracture. This acts similarly to the corner ductile welding bracket detail (Choi and Park, 2008) , thus reducing the likelihood of tearing of the infill plate corner.
8 Since the gusset plates are the inelastic fuses in the connections of the new system, both the beams and the columns as well as all weld lines and bolts remain essentially elastic. Therefore, in this system there is no need to satisfy the "strong-column -weak-beam" requirements of the current steel shear wall system. This can result in cost savings in many applications, especially in low-and mid-rise buildings where the columns are not very large.
9 The thickness of the shear wall can be selected independently of the column to satisfy drift requirements under the ultimate factored lateral loads;
10 The thickness of the steel plate in the new system can be selected independently of columns to ensure that the wall will not buckle under the service and more frequent lateral loads.
In addition to the above ten advantages of the new HPSPSW system (Figure 6 ) over the current system, there are two additional advantages:
concrete buildings since the steel shear wall is not connected to the columns between the floors. An example of retrofitted steel frame is shown in Figure 7 (c). (5) No vertical welds connect shear wall to the columns.
(7) Corner brackets are not needed. Gusset plates prevent fracture at the corners.
(10) Steel plate does not buckle under "service" loads.
(6) Design of column does not depend on design of the steel shear wall. 
Background and the past research
As discussed earlier, one of the most important issues preventing widespread use of steel shear walls is that large lateral forces are applied to the column due to tension field action of the steel wall. In an effort to reduce or eliminate the forces applied to the columns by steel shear walls, research has focused on both passive and active strategies. The passive method reduces tension field forces acting on the column by restraining the infill steel plate and delaying buckling and formation of the tension field. This has been done either by using a concrete wall attached to the steel infill plate by shear studs or bolts (Zhao and Astaneh-Asl, 2004) , or by adding steel restrainers to the infill plate to delay its buckling until the infill plate yields in shear Tsai et al., 2010; Nie et al., 2012) . Weakening of the infill plate have also been tried by creating a regular pattern of circular perforations (Roberts and Sabouri-Ghomi, 1992; Vian et al., 2009) , or by using low yield point (LYP) steel plates (Vian et al., 2003) . Researchers have also tried to change the load carrying mechanism in the infill plate by providing slits (Hitaka and Matsui, 2003; Cortés and Liu, 2011) or by cutting out special patterns on the wall (Egorova et al., 2014) . Application of these passive methods has resulted in reducing the lateral forces acting on the columns but not eliminating them, and often requiring additional material and labour costs, and increased construction time.
In the active method, the steel infill panel is prevented from transferring the tension field forces to the boundary columns by actively separating the wall from the column and connecting the infill wall to only the boundary beams (Xue and Lu, 1994; Choi and Park, 2009; Guo et al., 2011; Vatansever and Yardimci, 2011) . Given that there are no additional fabrication costs, the active method is certainly more cost effective. Existing research on the infill wall connected to the boundary beam only regards this system as an alternative infill plate to boundary element connection method. Most of the analytical and experimental studies have focused on the behaviour of a single panel with idealised boundary conditions. While initially promising and certainly cost-effective, a holistic study on the performance and design and detailing of the steel shear walls as a system has not yet been done.
Regarding the use of expensive field-welded moment connections, AISC Seismic Provisions (AISC, 2010) only requires ordinary moment connections. Some past studies have recommended the use of special moment connections (Vian et al., 2009; Qu et al., 2008) . This recommendation has been incorporated in the design of a few actual steel plate shear wall systems. Higher ductility and energy-dissipation capacity resulting from using special moment connections in the boundary frame of a steel plate shear wall system is a desirable property; however, the current pre-qualified special moment connections have relatively high cost of construction and inspection, primarily due to the use of CJP field welding and the requirement that field inspections using ultra-sonic testing be conducted. Note that for a steel shear wall system, beam-to-column connections should not be relied upon as the main source of energy dissipation instead of the steel plate shear wall itself.
The elastic buckling of the thin infill plates under service conditions (service wind or small and frequent earthquakes) limits the wider application of unstiffened steel shear walls in buildings of high importance (e.g., Jinta Tower in Tianjin). Concerns include the unpleasant buckling sound under service loads, lower initial stiffness, and low yielding drift ratio (Nie et al., 2012; Lee et al., 2010) . Although there are a few examples that consider service-level performance according to the performance-based design philosophy (Lee et al., 2010) , the U.S. Seismic Design Provisions (AISC, 2010) imposes no explicit requirements on the building performance under serviceability conditions. Given the easy-to-buckle nature of thin steel plates, satisfactory performance at service level should be required in the next-generation steel shear wall system.
Objectives
The main objective of this research and development project was to develop a new high-performance steel shear wall system that will address all the disadvantages of the currently available steel plate shear wall. This new system should be very versatile, ductile, and cost effective, satisfying the following performance criteria for a high-performance lateral force resisting system:
1 The system should possess sufficient strength and stiffness to remain essentially elastic under service-level earthquake and wind loads.
12 All of the above criteria should be satisfied in a sustainable manner by reducing the amount of material, energy, and labour costs, and with the least impact on the environment.
Performance of the new HPSPSW

Nonlinear finite element analyses
In order to establish the performance of the new system, inelastic finite element analyses of the system and its new gusset plate beam-to-column moment connections were conducted. Four-node SHELL181 elements from the ANSYS Shell element library were used to model all steel plate elements (ANSYS, 2013). Both material and geometric nonlinearities were considered.
Parametric studies of the new system
To investigate the effectiveness of the proposed new shear wall system, extensive parametric studies were performed. Finite element models of steel shear walls representing the current system per AISC Seismic Provisions (AISC, 2010) and the new high-performance system were built and subjected to pushover drift displacements applied at the top of the model. The analytical models consisted of two full typical stories and two half-stories of the typical shear wall with boundary columns and beams to represent a more realistic boundary condition of the two typical stories. The main parameters investigated were the effects of separating the columns from the steel shear walls, the use of the welded or bolted new gusset plate moment connections, and the use of different cross sections for the side-stiffeners.
Effectiveness of the proposed system
Figure 8 compares pushover curves for four cases. Three cases represent the new HPSPSW system, where the thicknesses of the steel shear walls and side stiffeners were varied. They were designed based on the dimensions of Park SC4T specimen (Park et al., 2007) . The other model was modified from the original test Specimen SC4T to the boundary condition of the current study that represents a current steel plate shear wall system, where the steel plate is welded to the columns and the beam-to-column connections are traditional field-welded connections.
In this comparative case study, T-sections were used as side-stiffeners, with the stem of the T-section also acting as vertical fin-plate used to weld the side-stiffener to the steel plate. The dimensions of the T-section used as side-stiffeners [i.e., flange width × depth × flange thickness × stem thickness (mm)] are shown in Figure 8 for each of the three cases of the new HPSPSW models.
In general, as shown in Figure 8 , the proposed new HPSPSW system with the new gusset plate moment connection showed stable force-displacement behaviour with the well-defined yielding zone in the gusset plate as well as yielding large area of the tension field, a desirable behaviour (Figure 8 ). The analysis indicated that disconnecting the steel plate shear wall from the columns -as is done in the new HPSPSW system -resulted in two important effects:
• the columns developed much smaller bending moments and axial forces, and remained essentially elastic
• there was a slight loss of shear capacity of the steel plate shear wall due to a the reduction in the width of the tension field area b to a lesser extent, a reduction in the shear forces resisted by the columns because they were separated from the steel shear wall.
Significant reduction in bending moment and axial forces in the columns is the most important advantage of the new high-performance system, thus eliminating the primary disadvantage of using current steel plate shear walls, i.e., the lateral load applied to the columns by the steel shear wall makes the columns very heavy and expensive. The relatively small reduction in shear capacity can be resolved very easily by selecting a slightly thicker steel plate for the shear wall or by using stiffer and stronger side stiffeners. Thicker plates will result in increased stiffness and shear yielding strength. The side stiffeners, which have larger bending stiffness and in-plane strength, can lead to wider tension field and provide certain lateral resistance by forming plastic hinges. The resulting curves are close to or even stronger and stiffer than the curve representing the current steel plate shear wall (Figure 8 ). This shows that both methods are effective and cost effective as they do not increase labor costs significantly. Three additional benefits include:
1 increasing the stiffness of the system to control drift 2 delaying buckling of the wall under service loads 3 the fabrication and handling become easier and more cost effective -especially when using thicker steel plates -and 'weld-burning' of thin plates can be avoided.
Effectiveness of gusset plate moment connection
The beam-to-column connections in the new HPSPSW system are composed of another new configuration: the GPMC (Qian and Astaneh-Asl, 2016b) . The new gusset plate connections used in the analytical models were designed to resist the shear force acting on them when the shear wall reaches its shear yield capacity. More information on the design of gusset plates can be found in Astaneh-Asl (2010) . In the design of gusset plates, a Whitmore angle of about 30 degrees was used for the side slopes of the gusset plates as recommended in Astaneh-Asl (1998) for welded gusset plates. Both welded and bolted versions of the new gusset plate moment connections as shown in Figure 5 were considered. The main parameter varied in the analysis was the thickness of the gusset plate, resulting in different plastic moment capacity and rotational stiffness for the beamto-column connections in the six models of the new steel shear wall system. Figure 9 shows the results of the pushover analysis of three models of the HPSPSW system, again based on the Park SC4T specimen, with three different gusset plate thicknesses and a fourth model representing current design. The results are for two separate cases: welded or bolted gusset plate moment connections. The thicknesses of gusset plates were 2.0, 1.5 and 1.0 times the thickness of the beam web. As expected, the change in the gusset plate thickness mainly affected the behaviour of the boundary frame and had a minimal effect on the behaviour of the infill wall. It was observed that the pushover curves of steel shear wall alone for models with various gusset plate thicknesses were almost identical. Thus the separation of the steel shear wall from the boundary columns provides designers with more leeway in selecting the relative contribution of the shear wall and the frame in resisting the shear. For both welded and bolted versions of the new GPMC, thicker gusset plates resulted in a larger shear capacity of the frame due to greater frame action, but more yielding in the beams and columns. Thicker gusset plates tend to develop smaller plastic strains compared to strains in the thinner gusset plates.
In general, the performance of the gusset plate moment connections was satisfactory, displaying sufficient strength and stiffness equal or greater than the welded moment connections used in the current steel plate shear wall system. Note that since there is great flexibility in fine-tuning the rotational stiffness and bending strength of the gusset plate by changing its geometry and thickness, the pushover curves can be modeled after the pushover curves of the proposed system. Out of the three gusset plate thicknesses used in the models, the thickness that resulted in better overall and local performance of the new steel shear wall system was the thickness equal to 1.5 times the thickness of the beam web. Figure 10 compares the von Mises effective stresses in the two pushover models representing welded and bolted new HPSPSW system with the same gusset thickness (t gusset = 1.5t beam_web ) at a total drift ratio of 2.22%. A comparison between the welded and bolted versions with the same gusset thicknesses demonstrates that the bolted version caused less yielding in the boundary elements, which is desirable. Bolted connections allow better quality control and need less or no costly and somewhat weather-dependent field-welding. These advantages can compensate for the additional cost of bolt hole drilling and material cost of the bolts. On the other hand, welded options are relatively easier to design and do not have a pinching problem as is common with bolted connections. In bolted gusset plate moment connections, the use of upset bolts is recommended to increase the ductility of the connection and to prevent brittle fracture of the bolts under combined tension and shear. In upset bolts, the diameter of the bolt shank is reduced to ensure that yielding of the body of the bolt is the governing failure mode and not the fracture of the under-thread area. Figure 10 also shows that a clear plastic hinge and yield zone develops in the new gusset plate moment connection. This yield zone, as designed, acts as a ductile fuse in the new GPMC and protects all other elements of the joint, including beams, columns, weld lines and bolts from yielding and fracture.
Effect of side stiffeners
The side stiffeners in the proposed system are designed to perform three important roles:
1 to provide out-of-plane bracing to the free vertical edges of the infill wall 2 to delay elastic buckling of the infill plate beyond service load level 3 to contribute to the shear capacity of the infill wall by forming plastic hinges, the commonly known collapse mechanism for plate girders (Porter et al., 1987; Evans et al., 1978; Rockey et al., 1978) .
The stiffeners considered in the past (Guo et al., 2011; Choi and Park, 2009 ) involved only small flat plates or header plates. Our study considered various feasible and easy-to-acquire structural shapes as side-stiffeners to determine their effects on the performance of the new system. Figure 4 showed examples of structural shapes that can be used as side-stiffeners. Behaviour of various stiffeners in delaying or preventing local buckling of steel plates used in steel towers and piers of bridges was studied by the authors, and it was found that the plate stiffeners that are currently used in stiffening steel plates are not optimal; using other geometries may be more cost effective (Qian and Astaneh-Asl, 2016a) . Figure 11 (a) compares pushover curves for the same models of the HPSPSW system, considering five different cross sections for the side-stiffeners. The model is based on the 3 rd and 4 th floor of Design Guide 20 high seismic design (AISC, 2007) . The cross sections were a pipe, flat plate, T-section cut from wide flanges (WT), wide flanges oriented in the strong direction with flanges parallel to shear wall (WF x ), and wide flanges oriented in the weak direction with flanges perpendicular to the steel plate (WF y ).
Except for the WT-str and WF y -str case, all other side-stiffener cross sections were selected to have similar cross-section area (at almost equal cost) and a bending stiffness sufficient to restrain the out-of-plane deformation of the plate as well as to ensure a critical shear wall shear buckling load equal to its shear yielding strength. The resulting stiffener sections based on this criterion were all relatively small sections. WT-str and WF y -str side-stiffeners sections were designed to have larger in-plane plastic section modulus to compensate for the loss of shear system capacity due to column detachment. All stiffener sections chosen are shown in Figure 12 . This study was limited to evaluating the effect of side-stiffeners only, with boundary frame and connections not varied. Therefore, only the portion of base shear taken by the infill plate were compared. It can be seen from Figure 11 (a) that the shape of the stiffeners does not make a significant difference regarding force-displacement relationship of the entire system if the sections are designed based on stiffener out-of-plane stiffness only. Obviously, the stiffness requirement is only a minimum requirement for the side stiffeners in the out-of-plane direction. However, although the global force-displacement behaviour turned out to be similar, not all the shapes experienced the same local deformation. Since all sections were designed to have sufficient out-of-plane stiffness, the out-of-plane deformations are comparable. However, due to the stability of the shapes themselves and their in-plane stiffness, Pipe, WT, and WF y sections had less severe local in-plane deformation at their ends. Of these three, the Pipe and WF y sections tend to intrude into the rentable space in the room at the corner of column and shear wall. The WT-str and WF-str cases had higher in-plane plastic modulus and thus higher plastic moment capacity; as expected, they showed higher shear strength [Figure 11(b) ]. This is a result of both plastic capacities of the side stiffeners themselves and the enlarged yielding area of the infill plate with stronger boundary constraints (Figure 12 ). Furthermore, WT-str showed higher stiffness and strength compared with WF y -str. This could be because being of the same material as wide flanges; the WT sections were more effective in increasing the plastic capacity of the effective stiffener section, thus leading to higher shear wall strength.
Based on the above observations, WT sections are recommended to be used in the new side slotted steel shear wall system. They were more effective in contributing to the wall shear strength, were less intrusive to the usable space and are widely available in a range of dimensions.
Summary and conclusions
This paper presented a summary of ten disadvantages common to the currently available steel plate shear wall configurations preventing the current system from reaching its potential as being one of the most economical lateral force-resisting systems. The three main issues with the current steel plate shear wall system are as follows: 1 the steel shear wall applies large lateral forces to the columns, making the columns very large, heavy, and expensive 2 the CJP field-welded moment connections used in the current system are not cost effective requiring field-welding and ultrasonic testing of such welds 3 the infill wall is susceptible to buckling under wind load and small frequent earthquakes.
The new HPSPSW system resolves all ten issues related to the current steel plate shear wall system, with two additional advantages: the new system can be used in the retrofit of deficient structures as well as lending itself to modular construction and prefabrication.
Following are the main features and advantages of the new HPSPSW:
• In the new system, the shear wall is not connected to the columns. Instead, the wall plate is welded to 'side-stiffeners' on both vertical sides of the steel plate, thus resulting in flexibility in the selection of infill plate thickness to satisfy both service and ultimate load design goal, and the columns are much lighter since they are no longer subjected to lateral forces between the floors applied by the shear wall.
• The proposed new Gusset plate moment connection used in the new steel shear wall acts as an efficient ductile moment connection, and uses no CJP field welds and associated field ultrasonic testing. At the same time it acts as the corner bracket for the steel shear wall, preventing local fracture.
• The capacity lost owing to partial plate yielding in the proposed system can be recovered by a increasing the thickness of the infill plate slightly b utilising stronger side-stiffeners.
Although these two methods may require more material, the improvement in the column efficiency, connection design, and the elimination of the field-welding, inspection requirement and reduced labour costs still make the proposed system superior to the current steel plate shear wall design.
• Separation of the shear wall from the column in the new system makes it very suitable and economical for use in the retrofit of existing steel, composite, and even reinforced concrete framed structures.
• With the infill wall separated from the boundary column, the resulting system can be regarded as a dual system composed of a frame and wall without complex interaction between them. Therefore the analysis and design are greatly simplified.
• In addition to the new gusset plate moment connection, other traditional and well-established steel connections such as shear and semi-rigid connections can also be used in the new shear wall system without significant reduction in its strength, stiffness, and ductility. Figure 13 shows some of the feasible alternative details. In addition to the proposed gusset plate beam-to-column connection [Figure 13(b) ], other direct bolting, simple or semi-rigid connections [Figures 13(a) , 13(c), 13(d), and 13(e)] can also be used. Such freedom of choice of beam-to-column connection is possible because the need to connect the infill plate to both beams and columns has been eliminated. Depending on the nature of the beam-to-column connections, the wide or narrow slot can be used depending on specific project needs. Further research is recommended to study the performance of the proposed alternative configurations, as shown in Figure 13 . 
